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The distribution and speciation of arsenic (As) were analyzed in individuals of various life stages of a
midge, Chironomus riparius, and the mosquito Culex tarsalis exposed to 1000 mg/l arsenate. X-ray ab-
sorption spectroscopy (XAS) revealed that C. riparius larvae accumulate As in their midgut, with inor-
ganic arsenate [As(V)] being the predominant form, followed by arsenite [As(III)] and an As-thiol.
Reduced concentrations of As in pupal and adult stages of C. riparius indicate excretion of As between the
larval and pupal stages. In adults, As was limited to the thorax, and the predominant form was an As-
thiol. In Cx. tarsalis, As was not found in high enough concentrations to determine As speciation, but
the element was distributed throughout the larva. In adults, As was concentrated in the thorax and eyes
of adults. These results have implications for understanding the biotransformation of As and its move-
ment from aquatic to terrestrial environments.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
X-ray spectroscopy is a useful method for toxicology studies
with insects because of the non-destructive manner in which
samples can be analyzed (Parsons et al., 2002). Micro x-ray ﬂuo-
rescence (mXRF) allows visualization of the spatial distributions of
elements within target organs of the insect with micron resolution.
X-ray absorption spectroscopy (XAS) may be further utilized to
determine speciation and oxidative states of a target element
through x-ray absorption near-edge structure (XANES) analysis.
This technique is particularly amenable to insect systems given the
small size of insects, which allows for the entire animal to be
scanned and compartmentalization of a target element to be
determined. While XAS has been used in the past to evaluate metal
and metalloid accumulation and speciation within insects (e.g.
Andrahennadi and Pickering, 2008; Moriarty et al., 2009), it has not
been applied to aquatic insects or other invertebrates whose lives
are spent in direct contact with arsenic contaminated substrates..L. Mogren).
r Ltd. Open access under CC BY-NC-NWithin biological tissues, the arsenic species most often
encountered in XAS analysis are (in order of lowest to highest white
line energies): arsenic glutathione [As(Glu)3], monomethylarsenic
DMPS (MeAsDMPS), dimethylarsenic 2,3-dimercapto-1-propane
sulfonic acid sodium salt (Me2AsDMPS), monomethylarsonous
acid [MMA(III)], arsenite [As(III)], arsenobetaine (AB), arsen-
obetaine 2 (C2-AB), arsenobetaine 3 (C3-AB), arsenocholine (AC),
tetramethylarsonium iodide (Tetra), trimethylarsine oxide (TMAO),
(R)-2,3-dihydroxypropyl-5-deoxy-5-dimethylarsinyl-b-D-riboside
sugar, dimethylarsinic acid [DMA(V)], monomethylarsonic acid
[MMA(V)], and arsenate [As(V)] (Smith et al., 2005). Distinguishing
between arsenic species is crucial in environmental analyses due to
the different modes of toxic action between inorganic forms, such
as arsenate [As(V)] and arsenite [As(III)], and organic forms. Inor-
ganic arsenate, the thermodynamically favored form in freshwater
systems (Rahman and Hasegawa, 2012), is a chemical analog for
phosphate and is taken into cells via phosphate transporters (Zangi
and Filella, 2012). Thus, arsenate disrupts glycolysis by replacing
phosphate in biochemical reactions, altering the structures of mo-
lecular intermediates and disrupting ATP synthesis (Hughes, 2002).
Arsenite interacts with the sulfhydryl bonds of proteins, disrupting
tertiary structures and enzymatic function as a result (Hughes,
2002). Arsenic may also exist in many organic forms in the envi-
ronment (Reimer et al., 2010), which may result from microbial
activity in aquatic environments (Lloyd and Oremland, 2006).D license.
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nogaster (Diptera: Drosophilidae), though D. melanogaster is not
capable of methylating arsenic (Rizki et al., 2006).
Invertebrates posses a variety of methods by which they are
generally able to eliminate toxic compounds from their cells,
including 1) regulatory mechanisms that balance rates of metal
uptake from the environment with excretion rates, 2) intracellular
sequestration using metallothioneins and subsequent elimination
through the lysosomal endomembrane system, and 3) intracellular
sequestration processes involving vacuoles that produce solid
metallic phosphorous or sulfur granules that then undergo exocy-
tosis for elimination (Ahearn et al., 2004). Extra cellular seques-
tration via lipid particles containing iron has also been proposed
(Rahman et al., 2009), as well as molting as a means for depuration
(Bergey andWeis, 2007).We are not aware of any invertebrates that
have been shown to possess all of these mechanisms. There is some
evidence for the formation of spherocrystals to regulate excess
arsenic ions in Formica polyctena (Hymenoptera: Formicidae)
(Jeantet et al., 1977). More recently, arsenic susceptibility has been
shown to be mediated by the presence of glutathione in insects
(Muñiz-Ortiz et al., 2007). Reduction of arsenate and subsequent
coordination with sulfur [As(III)-S] has been found in terrestrial
insects and other invertebrates (Langdon et al., 2002, 2005;
Andrahennadi and Pickering, 2008; Moriarty et al., 2009). There is
the possibility that thiols play an important role in mediating this
reduction (Thomas, 2010). However, the current body of knowledge
regarding potential mechanisms of arsenic reduction and excretion
in insects and terrestrial invertebrates is limited to these examples.
How invertebrates that spend the majority of their lives immersed
in a toxicant enriched environment, particularly aquatics and soil
dwelling insects, is of particular interest from a toxicological
standpoint given the worldwide nature of arsenic contamination
(Ravenscroft et al., 2009) and its status as a priority toxic pollutant
(US EPA, 2006). Further, past research has shown that the larvae of
aquatic Diptera are able to withstand chronic exposure to relatively
high concentrations of arsenic (Mogren et al., 2012; Mogren, un-
published data), though the mechanisms by which they are able to
do so are unknown.
In this study, we investigated potential modes of arsenic
transformation and excretion in Chironomus riparius Meigen
(Diptera: Chironomidae) and Culex tarsalis Coquillett (Diptera:
Culicidae), whose larvae are aquatic and ubiquitous in North
America. While C. riparius is a benthic detritivore, Cx. tarsalis is a
ﬁlter feeder at the water surface, and both species serve as
important food sources for higher trophic levels (Merritt et al.,
2008). Because C. riparius larvae reside in lake benthos, they
often come into contact with contaminants in soil and water,
including arsenic (Croisetière et al., 2006). Culex tarsalis larvae are
found in surface water pools and tolerate a wide range of condi-
tions, including organic enrichment and exposure to industrial
efﬂuent (Reisen, 1993). In order to understand the organs respon-
sible for biotransformation and absorption of arsenic in these in-
sects, we used XAS imaging with micro x-ray ﬂuorescence imaging
(mXRF) to determine the microscopic distribution of arsenic within
intact specimens, in addition to speciation analysis of the same
specimens with XANES analysis.2. Methods
2.1. Insect rearing and sample preparation
2.1.1. Chironomus riparius
Individuals of C. riparius were reared following the protocol established in
Mogren et al. (2012). Brieﬂy, egg masses were purchased from Environmental
Consulting and Testing, Inc. (Superior, WI, USA). A thin layer of pre-rinsed quartz
sand (Repti Sand, ZooMed Laboratories, Inc., San Luis Obispo, CA, USA)was providedas a burrowing substrate for the larvae in 600 ml beakers containing 300 ml of
reconstituted water and either 0 or 1000 mg As/l as arsenate in the form of sodium
hydrogenarsenate heptahydrate 99.99% (SigmaeAldrich, St. Louis, MO, USA). The
arsenic treatment concentration was chosen because it represents a high yet still
ecologically relevant concentration of arsenic that would be found in a contami-
nated water body (Smedley and Kinniburgh, 2002; Ravenscroft et al., 2009), and to
increase the likelihood of detecting reduced or transformed species of arsenic in the
samples. According to Ravenscroft et al. (2009) over 45 regions around the world
have As levels occurring naturally in surface and groundwaters that reach or exceed
1000 mg/l (with many regions exceeding 1500 mg/l).
Ten ﬁrst instars were transferred to each beaker. Water loss through evaporation
was accounted for daily through the addition of Milli-Q HPLC-grade water to
maintain the 300 ml volume and one third of the water was replaced daily starting
on day ﬁve to minimize injury to early instars. Larvae were fed a slurry of TetraMin
Tropical Fish Flakes (United Pet Group, Inc., Cincinnati, OH, USA), made by adding 1 g
of ﬂakes to 10 ml of deionized water. Beakers were aerated constantly in an envi-
ronmental rearing chamber at 23 C under a 16 L:8 D cycle.
As the larvae grew, individuals were sacriﬁced at the second instar, fourth instar,
pupal, and adult stages (females only) for XAS analysis. Egg masses were also
collected from female adults that were allowed to oviposit. Samples were rinsed in
deionized water and then frozen at 60 C prior to being freeze dried.
2.1.2. Culex tarsalis
Egg rafts of Culex tarsalis were obtained from colonies maintained at the Uni-
versity of California, Riverside. The use and care of animal hosts was done under
Protocol A2010006 approved by the Institutional Animal Care and Use Committee of
the University of California, Riverside. Egg rafts were hatched in white enamel pans
containing 3 L of tap water (after Van Den Heuvel, 1962) and either 0 or 1000 mg As/l.
Pans were maintained in an environmental rearing chamber at 28 C and 16 L:8 D
light cycle. Larvae were fed a ground mouse chow (mouse/rat diet, Harlan/Teklad,
Madison, WI, USA) and brewer’s yeast (MP Biochemicals, Aurora, OH, USA) 3:1
(wt:wt) mixture as a 10% suspension in deionized water. Three fourth instar larvae
and adults were rinsed in deionized water and sacriﬁced by freezing at 60 C prior
to being freeze dried.
2.2. mXRF mapping and mXANES
Detailed explanations of the mechanisms of XAS may be found in Parsons et al.
(2002, 2009) and Smith et al. (2005). Synchrotron-based hard x-ray microprobe
measurements of element distributions were conducted at Beamline 2e3 at the
Stanford Synchrotron Radiation Lightsource (SSRL), using procedures described by
Mayhew et al. (2011).
Experiments were conducted with the SPEAR accelerator ring containing
w350 mA in constant top-off mode. A Si (111) double crystal monochromator fully
tuned at 12 keV was used to select the incident energy. Harmonic rejection was
accomplished via the micro-focusing mirrors, with an energy cutoff ofw22 keV. The
spot size was focused to 2.5  2.5 mm using Pt-coated KirkpatrickeBaez mirrors
(Xradia, Inc.). The sample was rastered across the micro-focused x-ray beam at a 45
incident angle, using a pixel step size of 2.5 mm and a dwell time of 100 ms per pixel.
A continuous raster scanning mode using single-element Si drift Vortex detector (SII
NanoTechnology USA Inc.) was used to generate element maps of As, Ca, Cl, Cu, Fe, K,
Mn, P, S, and Zn. Windowed counts for each element extracted from the full x-ray
ﬂuorescence spectrum were normalized to the intensity of the incident x-ray beam
(I0). Regions of the sample area of particular interest for arsenic speciation mapping
at the arsenic K-edge were identiﬁed from an initial 12 keV map. Arsenic K-edge
speciation mapping was conducted at 4 discrete energies (11,870,11,873, 11,875, and
11,880 eV) to determine changes in the arsenic oxidation state as a function of
location on the sample. These energies were chosen as they are at energies of unique
intensities for arsenic species likely to be encountered in insects (As(Glu)3, As[III], As
[V], and a total arsenic energy, respectively) (Andrahennadi and Pickering, 2008).
Multiple energy maps were achieved by raster mapping a single line at each
incident monochromator energy and repeating this process at each successive line.
The maps were dead time corrected and underwent principal component analysis
(PCA) using the MicroAnalysis Toolkit (Webb, 2011) prior to collection of mXANES
data. Maps of unique components were used to guide the selection of spots for
mXANES investigation, ensuring that the mXANES collected would represent the
variety of arsenic phases present in each of the samples. Each mXANES spectrumwas
collected from approximately 240 eV below the arsenic K-edge to 700 eV above the
edge. All mXANES data were dead time corrected, background subtracted, and
normalized to unit step edge using standard methods available in the SIXPACK
software package (Webb, 2005). The monochromator was calibrated using the ﬁrst
inﬂection of an arsenate sodium salt as the referencematerial at 11,880 eV. The short
dwell times for mXRFmapping (50e100 ms) and mXANES analyses (8 min) minimized
potential radiation damage to the samples.
2.3. Data analysis
Arsenic speciation was determined by non-negative linear least squares ﬁtting
of the data. With XANES data, this was performed in the ﬁtting section of SIXPACK,
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image data, the normalized intensities of each of the model compounds was
determined at each of the image map energy points (11,870, 11,873, 11,875, and
11,880 eV). A non-negative linear least squares ﬁtting was performed at each image
pixel with each of these four energies to the model compounds intensities, giving
the overall speciation at each pixel of the image map. Single point XANES spectra
were measured to conﬁrm the speciation as determined by the image map analysis.
Results typically agreed within the nominal margin of error (5%).3. Results
3.1. Chironomus riparius
Arsenic was present in all scans of the different life stages of
C. riparius in the x-ray ﬂuorescence images (Fig. 1). Although larvae
were only exposed to arsenate, which is stable in solution (Al-Sibaai
and Fogg, 1973; Liu et al., 2006), x-ray absorption across the arsenic
K-edge revealed three species of arsenic in the samples: arsenate,
arsenite, and an As-thiol, likely AsIII-tris-glutathione, based on the
energy absorbance (Andrahennadi and Pickering, 2008) (Fig. 2). In
second and fourth instar larvae, all three forms of arsenic were
concentrated in the midgut, with none present in the fore- or
hindgut. In the fourth instar larva (Fig. 1a), XANES analysis revealed
that 43.4% of whole body arsenic was present as arsenate, 29.2%
was present as arsenite, and 27.4% was present as the As-thiol.
There is some evidence as well for arsenate and As-thiol assimila-
tion in the anterior region of the body, possibly in the cuticle. In
addition to arsenic in the fourth instar larva, Fe, Mn, and Cu were
also associated with the alimentary canal of the insect. Sulfur, P, Cl,
K, and Zn were found to be constituents of the cuticle. Calcium and
Mn were found in the Malpighian tubules (MT). The element
pattern distribution was the same for second and fourth instar
larvae, but the signal was stronger in fourth instar larvae.
In the pupa, there was less arsenic relative to what was found in
the larva, indicating much of the larval body burdens are excreted
during the molt to the pupal stage (Fig. 1b). The arsenic appeared in
clusters throughout the thorax and abdomen. XANES analysisFig. 1. X-ray ﬂuorescence imaging of Chironomus riparius. a) Fourth instar larva. Blue ¼ po
Red ¼ arsenic. c) Adult female. Green ¼ zinc, Pink ¼ arsenic. The bright purple ‘bar’ runnin
specimen is mounted. Scale bar units are mm.revealed that 55.1% of whole body arsenic was present as arsenate,
26.2% was present as the As-thiol, and 18.7% was present as arse-
nite. Arsenic, Fe, S, P, Cl, K, Ca, Mn, and Zn are associated with the
cuticle of the pupa. Iron, S, P, Cl, K, alongwith Cu, are also associated
with the head and thoracic region of the pupa, with Fe being
especially concentrated in the region developing into the head.
Within the adult female, the majority of arsenic was concen-
trated in the thorax, likely in the exoskeleton or muscles (Fig. 1c). In
contrast to the 4th instar larva, the majority composition of arsenic
shifts to As-thiol, constituting 53.3% of the total arsenic, with 23.7%
as arsenate and 23.0% as arsenite. Copper was again associatedwith
the alimentary canal. Iron, S, P, Cl, K, Mn, and Zn were also associ-
ated with the exoskeleton. Further, there was a strong signal of P, Cl,
and K in the head of the adult female, with K, Ca, and Zn exhibiting
a strong signal in the abdomen, either in the alimentary canal or
reproductive organs.
The egg mass contained very low, yet still detectable, amounts
of arsenic present in the gelatinous sheath of the egg mass (not
pictured). The signal of arsenic in the sample was not strong
enough to differentiate between arsenic species; however, this
does provide some evidence for maternal transfer of arsenic.
Though arsenic is not present within the eggs themselves, ﬁrst
instar larvae have been observed to feed on the gelatinous sheath
upon hatching (C. M., personal observation), and could therefore be
exposed tominute quantities of arsenic early on. Phosphorus, Cl, Ca,
Mn, and Cu were also found in the gelatinous sheath, while Fe, S, P,
K, and Zn were found within the eggs.
3.2. Culex tarsalis
In contrast to C. riparius, the larva of Cx. tarsalis did not contain a
high degree of differentiation with regards to organ structure that
was apparent in the XAS images. Arsenic was found to be distrib-
uted throughout the body of the fourth instar larva, as opposed to
being concentrated in the midgut (Fig. 3a). In the adult female,
arsenic was concentrated in the thorax, likely in the exoskeleton, astassium, Green ¼ copper, Red ¼ arsenic. b) Pupa. Blue ¼ potassium, Green ¼ copper,
g top to bottom in the picture shows the As in the glass capillary tube upon which the
Fig. 2. XANES spectra from arsenic standards, and example spectra from insect tissues.
a) Sample spectra of As(V) recovered from adult female chironomid. b) Sample spectra
of an As-thiol from chironomid larvae. c) Sample spectra of As(III) and As(V) recovered
from chironomid larvae. The solid line indicates the white line for As(V) (11,875.3 eV);
the dotted line indicates the white line for As(III) (11,871.7 eV); the dashed line in-
dicates the white line for AsIII(Glu)3 (11,870.0).
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adult eye. For both the larva and the adult, although arsenic was
detected in the samples, the ﬂuorescence signal strength was not
strong enough to distinguish between different oxidation states.Fig. 3. X-ray ﬂuorescence imaging of Culex tarsalis. a) Fourth instar larva. Green ¼ potassium
Scale bar units are mm.In immature Cx. tarsalis, Fe was found in the alimentary canal;
Cu, Ca, K, Cl, S, and P were found in the cuticle, and Cu and Zn
were concentrated in the posterior portion of the abdomen,
possibly in the MT. In the adult female, Fe, Cu, Ca, K, Cl, S, and P
were associated with the cuticle, while Zn, Mn, Ca, and P were
associated with the MT.4. Discussion
Many invertebrates are capable of storing and detoxifying
metals and other toxicants they encounter in the environment
using a variety of mechanisms (Hopkin, 1989). The ability of insects
to detoxify arsenic and the mechanisms by which they do so spe-
ciﬁcally has not received much attention in the literature. With this
study we sought to generate initial information to help elucidate
arsenic reduction and excretion pathways in aquatic dipterans.
Although XAS analysis cannot provide direct information on mo-
lecular detoxiﬁcation, it can provide corollary information with
regards to biotransformation and localization of arsenic within
whole insect samples.
In a previous study, C. ripariuswas shown to excrete 72% of total
body burdens of arsenic between the fourth instar and adult stages
(Mogren et al., 2012). Elimination of other toxicants between larval
and adult stages has also been demonstrated (e.g. Cd, Groenendijk
et al., 1999), and as much as 75% of total body burdens were
excreted during molts of ﬁddler crabs (Bergey and Weis, 2007). In
the present study, we demonstrate that the loss of arsenic in
C. riparius between the larval and adult stages occurs speciﬁcally
between the larval and pupal stages, as indicated by the relatively
low levels of arsenic recovered in the pupa. However, because very
little arsenic was found to accumulate in the exoskeleton of the
larvae, we hypothesize that arsenic is not excreted via the
exoskeleton, but could be lost in a meconium (defecation between
fourth instar and pupal stages). This is evidence of limited move-
ment of arsenic from the aquatic to the terrestrial environment via
insects, but additional research is needed to document actual
transfer rates.
Speciﬁc organs have been proposed as being crucial to detoxi-
ﬁcation of toxic compounds in insects, such as the Malpighian tu-
bules (MT) andmidgut (Hopkin, 1989). In insects, the MT, located at
the anterior portion of the hindgut, function in ﬁltering wastes and, Red ¼ arsenic. b) Adult female. Blue ¼manganese, Green ¼ potassium, Red ¼ arsenic.
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gut and is excreted from the anus (Klowden, 2007). Their ability to
ﬁlter soluble ions from the hemolymph and form concretions has
marked them as detoxiﬁcation organs. However, in C. riparius
larvae, Mn is the chief element present in the MT (resulting from
Mn exposures in the food), and no arsenic was detected. Therefore,
it can be concluded that in this species, the MT do not play a sig-
niﬁcant role in arsenic detoxiﬁcation or excretion. The lack of
arsenic in the MTof Cx. tarsalis further supports the notion that this
organ does not play a signiﬁcant role in arsenic detoxiﬁcation and
excretion in these aquatic Diptera. The absence of As in the MTmay
be the result of ionic differences between metals (cations) and
metalloids (anions).
Although there was no arsenic to be found in the midgut of Cx.
tarsalis, in C. riparius the high concentration of arsenic in the
midgut indicates this organ may be important in detoxiﬁcation.
Hare et al. (1991) found that the distribution patterns of trace
element contaminants in freshwater insect tissues varied between
taxa, but contrary to the present study, reported the majority of
arsenic incorporated into the body versus the midgut in Hexagenia
mayﬂies. This difference may be due to the longer lifespan of
mayﬂies, which in turn allows for arsenic incorporation into fat
bodies. Arsenic being found in the midgut of C. riparius may be the
result of cellular mineral inclusions, or concretions, sequestering
excess arsenic ions in spherocrystals (Ballan-Dufrançais, 2002).
Spherocrystals typically trap unusual cations but there is some
evidence for limited uptake of arsenic in cells containing mineral
inclusions. However, in the case of Formica polyctena (Hymenop-
tera: Formicidae), arsenic was mostly concentrated in organs
devoid of spherocrystals (Jeantet et al., 1977). Arsenic in the eye of
adult Cx. tarsalis may result from incorporation in ommochrome
pigment granules, which has been observed in Orthoptera (White
and Michaud, 1980).
Because larvae were exposed to inorganic arsenate, which is
stable in solution (Al-Sibaai and Fogg, 1973; Liu et al., 2006), it can
be concluded that the reduction of arsenate to arsenite in the larval
midgut, in addition to the presence of As-thiol species, is the result
of biotransformation and/or detoxiﬁcation pathways in the larvae.
Although the reduction of arsenate to arsenite results in a more
toxic form of arsenic within the larva, As-thiols are indicative of
arsenic binding cysteine residues in either glutathione or metal-
lothionein (Andrahennadi and Pickering, 2008). In their study of
Formica ants from an old arsenic smelter site, Kuehnelt et al. (1997)
reported arsenate and arsenite as the major arsenical compounds
recovered from the ants, with dimethylarsinic acid and traces of
methylarsonic acid and arsenobetaine as well. More recently, XAS
analysis has revealed that Formica ants store mainly inorganic
arsenate and arsenite, though the concentration of arsenic in the
midgut is not apparent (Moriarty et al., 2009). In contrast, midgut
differentiation is observed in larvae of the bertha armyworm,
Mamestra conﬁgurata (Andrahennadi and Pickering, 2008). Further,
M. conﬁgurata biotransforms inorganic arsenate to an As-thiol,Table 1
Element distributions for the a) fourth instar and pupa of C. riparius and the fourth insta
a) Alimentary canal Cuticle
C. riparius Cx. tarsalis C. riparius Cx. tarsalis
4th instar larva As, Cu, Fe, Mn Fe Cl, K, P, S, Zn Ca, Cl, Cu, K
Pupa As, Ca, Cl, Fe, K, Mn, P, S, Zn
b) Alimentary canal Cuticle H
C. riparius C. riparius Cx. tarsalis C
Adult female Cu Cl, Fe, K, Mn, P, S, Zn Ca, Cl, Cu, Fe, K, P, S C
a The Ca, Mn, P, and Zn found in the abdomen of Cx. tarsalis were associated with themodeled as AsIII-tris-glutathione (Andrahennadi and Pickering,
2008; Parsons et al., 2009). Sulfur coordination in arsenic meta-
bolism was also documented to occur in the earthworm Lumbricus
rubellus (Langdon et al., 2002, 2005). In Lumbricus terrestris,
arsenobetaine, methylarsonate, dimethylarsinate, trimethylarsine
oxide, and arsenosugars 1 and 2 were recovered (Button et al.,
2011), indicating that even within the same genus, arsenic meta-
bolism may differ. There is also the possibility that the observed
thiolation of arsenite in C. riparius results from endosymbiont-
mediated biotransformations (Basu et al., 2010), though further
research is needed to explore this in depth.
XAS analysis did not reveal compartmentalization of arsenic in
Cx. tarsalis as is observed in C. riparius. The greatly reduced con-
centrations of arsenic in this mosquito species may therefore be
due to efﬁcient excretion mechanisms not present in C. riparius.
Other elements are also accumulated differently (e.g. Cu is not
concentrated in the larval midgut), indicating possible physiolog-
ical differences in the overall handling of metals and arsenic in Cx.
tarsalis.
With regards to where the other measured elements accumu-
lated within C. riparius and Cx. tarsalis, a summary is provided in
Table 1. There are interesting differences between these two
species and other insects that have been evaluated for metals
accumulation. In Formica ant workers, Zn was largely associated
with the MT and cuticle; Cu was associated with the midgut, MT,
and cuticle; Fe was associated with the midgut and MT, and Mn
was associated with the midgut and MT (Rabitsch, 1997). In
Gammarus pulex, Mn, Fe, Cu and arsenic were associated with the
gut, while Ca and Zn are associated with the cuticle (Schaller et al.,
2011; Khan et al., 2012). In the collembolan Tomocerus minor, Ca, K,
Mn, S, Cl, and P were associated with the midgut (Humbert, 1978).
Zinc, Mg, P, Ca, and K were signiﬁcantly enriched in the MT of the
termite Tumulitermes tumuli (Stewart et al., 2011). Ballan-
Dufrançais (2002) reviews the distributions of metals in the or-
gans of other insects. Whereas Andrahennadi and Pickering (2008)
found Mn in the cuticle of M. conﬁgurata, in this study we found
Mn in the MT of C. riparius and adult Cx. tarsalis. Variations be-
tween these different species in metal accumulation and locali-
zation may result from differing element makeup in their
respective diets, or reﬂect differences in physiological processing
of metals.
With regards to arsenic localization and biotransformation in
aquatic Diptera, it appears that in these two species there are
marked differences in how the insects are able to mediate toxicity
of arsenic. These differences are also reﬂected in differing distri-
butions of other elements in the midgut and MT. Though the MT do
not appear to serve an important role in detoxiﬁcation of arsenic as
it does with other toxicants, the midgut appears to be of particular
importance for C. riparius. More research is needed to determine if
the insect is mediating its own toxicity to environmental toxicants,
or if endosymbionts play a role in helping insects to adapt to
stressful environments.r of Cx. tarsalis, and b) the adult females of C. riparius and Cx. tarsalis.
Malpighian tubules Head Abdomen
C. riparius C. riparius C. riparius Cx. tarsalis
, P, S Ca, Mn As, Cu, Zn
As, Cl, Cu, Fe, K, P, S As, Cl, Cu, Fe, K, P, S
ead Thorax Abdomen
. riparius Cx. tarsalis C. riparius Cx. tarsalis C. riparius Cx. tarsalisa
l, K, P As As As Ca, K, Zn Ca, Mn, P, Zn
Malpighian tubules speciﬁcally.
C.L. Mogren et al. / Environmental Pollution 180 (2013) 78e83 83Acknowledgments
Portions of this research were carried out at the Stanford Syn-
chrotron Radiation Lightsource, a Directorate of SLAC National
Accelerator Laboratory and an Ofﬁce of Science User Facility oper-
ated for the U.S. Department of Energy Ofﬁce of Science by Stanford
University. The SSRL Structural Molecular Biology Program is sup-
ported by the DOE Ofﬁce of Biological and Environmental Research,
and by the National Institutes of Health, National Institute of
General Medical Sciences (including P41GM103393) and the Na-
tional Center for Research Resources (P41RR001209). The contents
of this publication are solely the responsibility of the authors and
do not necessarily represent the ofﬁcial views of NIGMS, NCRR or
NIH. We would like to thank R. Cardé, W. Carson, D. De La Riva,
K. Hladun, G. Kund, D. Parker, S. Prager, and B. Vindiola, who pro-
vided comments that improved earlier versions of this manuscript.
References
Ahearn, G.A., Mandal, P.K., Mandal, A., 2004. Mechanisms of heavy metal seques-
tration and detoxiﬁcation in crustaceans: a review. Journal of Comparative
Physiology B 174, 439e452.
Al-Sibaai, A.A., Fogg, A.G., 1973. Stability of dilute standard solutions of antimony,
arsenic, iron, and rhenium used in colorimetry. Analyst 98, 732e738.
Andrahennadi, R., Pickering, I.J., 2008. Arsenic accumulation, biotransformation,
and localization in bertha armyworm moths. Environmental Chemistry 5,
413e419.
Ballan-Dufrançais, C., 2002. Localization of metals in cells of pterygote insects.
Microscopy Research and Technique 56, 403e420.
Basu, A., Ghosh, K., Hazra, N., Mazumdar, A., 2010. Association of exoenzyme pro-
ducing bacteria with chironomid larvae (Diptera: Chironomidae) in relation to
the feeding habit. Entomologia Generalis 32, 227e235.
Bergey, L.L., Weis, J.S., 2007. Molting as a mechanism of depuration of metals in the
ﬁddler crab, Uca pugnax. Marine Environmental Research 64, 556e562.
Button, M., Moriarty, M.M., Watts, M.J., Zhang, J., Koch, I., Reimer, K.J., 2011. Arsenic
speciation in ﬁeld collected and laboratory exposed earthworms Lumbricus
terrestris. Chemosphere 85, 1277e1283.
Croisetière, L., Hard, L., Tessier, A., 2006. A ﬁeld experiment to determine the
relative importance of prey and water as sources of As, Cd, Co, Cu, Pb, and Zn for
the aquatic invertebrate Sialis velata. Environmental Science and Technology 40,
873e879.
Groenendijk, D., Kraak, M.H.S., Admiraal, W., 1999. Efﬁcient shedding of accumu-
lated metals during metamorphosis in metal-adapted populations of the midge
Chironomus riparius. Environmental Toxicology and Chemistry 18, 1225e1231.
Hare, L., Tessier, A., Campbell, P.G.C., 1991. Trace element distributions in aquatic
insects: variations among genera, elements, and lakes. Canadian Journal of
Fisheries and Aquatic Sciences 48, 1481e1491.
Hopkin, S.P., 1989. Ecophysiology of Metals in Terrestrial Invertebrates. In: Pollution
Monitoring Series. Elsevier Applied Science, London, p. 366.
Hughes, M.F., 2002. Arsenic toxicity and potential mechanisms of action. Toxicology
Letters 133, 1e16.
Humbert, W., 1978. Cytochemistry and x-ray microprobe analysis of the midgut of
Tomocerus minor Lubbock (Insecta, Collembola) with special reference to the
physiological signiﬁcance of the mineral concretions. Cell and Tissue Research
187, 397e416.
Jeantet, A.Y., Ballan-Dufrançais, C., Martoja, R., 1977. Insects resistance to mineral
pollution. Importance of spherocrystal in ionic regulation. Revue d’Écologie et
de Biologie du Sol 14, 563e582.
Khan, F.R., Bury, N.R., Hogstrand, C., 2012. Copper and zinc detoxiﬁcation in Gam-
marus pulex (L.). Journal of Experimental Biology 215, 822e832.
Klowden, M.J., 2007. Physiological Systems in Insects, second ed. Elsevier, Moscow,
ID, pp. 403e431.
Kuehnelt, D., Goessler, W., Schlagenhaufen, C., Irgolic, K.J., 1997. Arsenic compounds
in terrestrial organisms III: arsenic compounds in Formica sp. from an old
arsenic smelter site. Applied Organometallic Chemistry 11, 859e867.
Langdon, C.J., Meharg, A.A., Feldmann, J., Balgar, T., Charnock, J., Farquhar, M.,
Piearce, T.G., Semple, K.T., Cotter-Howells, J., 2002. Arsenic speciation in arse-
nate resistant and non-resistant populations of the earthworm, Lumbricus
rubellus. Journal of Environmental Monitoring 4, 603e608.
Langdon, C.J., Winters, C., Stürzenbaum, S.R., Morgan, A.J., Charnock, J.M.,
Meharg, A.A., Piearce, T.G., Lee, P.H., Semple, K.T., 2005. Ligand arsenic
complexation and immunoperoxidase detection of metallothionein in the
earthworm Lumbricus rubellus inhabiting arsenic rich soil. Environmental Sci-
ence and Technology 39, 2042e2048.Liu, G.J., Zhang, X.R., Jain, J., Talley, J.W., Neal, C.R., 2006. Stability of inorganic
arsenic species in simulated raw waters with the presence of NOM. Water
Science & Technology: Water Supply 6, 175e182.
Lloyd, J.R., Oremland, R.S., 2006. Microbial transformations of arsenic in the envi-
ronment: from soda lakes to aquifers. Elements 2, 85e90.
Mayhew, L.E., Webb, S.M., Templeton, A.S., 2011. Microscale imaging and identiﬁ-
cation of Fe speciation and distribution during ﬂuid-mineral reactions under
highly reducing conditions. Environmental Science and Technology 45, 4468e
4474.
Merritt, R.W., Cummins, K.W., Berg, M.B., 2008. An Introduction to the Insects of
North America, fourth ed. Kendall Hunt Publishing Company, Dubuque, p. 1214.
Mogren, C.L., von Kiparski, G.R., Parker, D.R., Trumble, J.T., 2012. Survival, repro-
duction, and arsenic body burdens in Chironomus riparius exposed to arsenate
and phosphate. Science of the Total Environment 425, 60e65.
Moriarty, M.M., Koch, I., Gordon, R.A., Reimer, K.J., 2009. Arsenic speciation of
terrestrial invertebrates. Environmental Science and Technology 43, 4818e
4823.
Muñiz-Ortiz, J.G., Opoka, R., Kane, D., Cartwright, I.L., 2007. Investigating arsenic
susceptibility from a genetic perspective in Drosophila reveals a key role for
glutathione synthetase. Toxicological Sciences 107, 416e426.
Parsons, J.G., Aldrich, M.V., Gardea-Torresdey, J.L., 2002. Environmental and bio-
logical applications of extended x-ray absorption ﬁne structure (EXAFS) and x-
ray absorption near edge structure (XANES) spectroscopies. Applied Spectros-
copy Reviews 37, 187e222.
Parsons, J.G., Lopez, M.L., Castillo-Michel, H., Peralta-Videa, J.R., Gardea-
Torresdey, J.L., 2009. Arsenic speciation in biological samples using XAS and
mixed oxidation state calibration standards of inorganic arsenic. Applied
Spectroscopy 63, 961e970.
Rabitsch, W.B., 1997. Tissue speciﬁc accumulation patterns of Pb, Cd, Cu, Zn, Fe, and
Mn in workers of three ant species (Formicidae, Hymenoptera) from a metal
polluted site. Archives of Environmental Contamination and Toxicology 32,
172e177.
Rahman, M.M., Rahman, F., Sansom, L., Naidu, R., Schmidt, O., 2009. Arsenic in-
teractions with lipid particles containing iron. Environmental Geochemistry
and Health 31, 201e206.
Rahman, M.A., Hasegawa, H., 2012. Arsenic in freshwater systems: inﬂuence of
eutrophication on occurrence, distribution, speciation, and bioaccumulation.
Applied Geochemistry 27, 304e314.
Ravenscroft, P., Brammer, H., Richards, K., 2009. Arsenic Pollution: a Global Syn-
thesis. Royal Geographic Society with IBG, Wiley-Blackwell Press, UK, p. 588.
Reimer, K.J., Koch, I., Cullen, W.R., 2010. Organoarsenicals. Distribution and trans-
formation in the environment. Metal Ions in Life Sciences 7, 165e229.
Reisen, W., 1993. The western encephalitis mosquito, Culex tarsalis. Wing Beats
4, 16.
Rizki, M., Kossatz, E., Velazquez, A., Creus, A., Farina, M., Fortaner, S., Sabbioni, E.,
Marcos, R., 2006. Metabolism of arsenic in Drosophila melanogaster and the
genotoxicity of dimethylarsinic acid in the Drosophila Wing Spot Test. Envi-
ronmental and Molecular Mutagenesis 47, 162e168.
Schaller, J., Dharamshi, J., Dudel, E.G., 2011. Enhanced metal and metalloid con-
centrations in the gut system comparing to remaining tissues of Gammarus
pulex L. Chemosphere 83, 627e631.
Smedley, P.L., Kinniburgh, D.G., 2002. A review of the source, behaviour, and dis-
tribution of arsenic in natural waters. Applied Geochemistry 17, 517e568.
Smith, P.G., Koch, I., Gordon, R.A., Mandoli, D.F., Chapman, B.D., Reimer, K.J., 2005. X-
ray absorption near-edge structure analysis of arsenic species for application to
biological environmental samples. Environmental Science and Technology 39,
248e254.
Stewart, A.D., Anand, R.R., Laird, J.S., Verrall, M., Ryan, C.G., de Jonge, M.D.,
Paterson, D., Howard, D.L., 2011. Distribution of metals in the termite Tumuli-
termes tumuli (Froggatt): two types of Malpighian tubule concretion host Zn
and Ca mutually exclusively. PLoS One 6, e27578.
Thomas, D.J., 2010. Arsenolysis and thiol dependent arsenate reduction. Toxico-
logical Sciences 117, 249e252.
US EPA, 2006. National Recommended Water Quality Criteria. http://water.epa.gov/
scitech/swguidance/standards/current/index.cfm (18 January 2013).
Van Den Heuvel, M.J., 1962. The effect of rearing temperature on the wing length,
thorax length, leg length and ovariole number of the adult mosquito Aedes
aegypti (L.). Transactions of the Royal Entomological Society of London 115,
197e216.
Webb, S.M., 2005. Sixpack: a graphical user interface for XAS analysis using IFEFFIT.
Physica Scripta T115, 1011e1014.
Webb, S.M., 2011. The MicroAnalysis Toolkit: x-ray ﬂuorescence image processing
software. American Institute of Physics Conference Proceedings 1365, 196e
199.
White, R.H., Michaud, N.A., 1980. Calcium is a component of ommochrome pigment
granules in insect eyes. Comparative Biochemistry and Physiology A-Physiology
65, 239e242.
Zangi, R., Filella, M., 2012. Transport routes of metalloids into and out of the
cell: a review of the current knowledge. Chemico-Biological Interactions
197, 47e57.
